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Poleward propagation of atmospheric angular momentum (AAM) anomalies,
originating on the equator and penetrating to high latitudes in both
hemispheres in conjunction with the ElNifio/Southern Oscillation (ENSO)
phenomenon, was established for the period 1976-1991 by Dickey et all
Since atmospheric dissipation times are generally on the order of a month
or less, it is natural to suspect that the long-term “memory” for these
global-scale fluctuations resides in the ocean. Here we confirm this
hypothesis by examining monthly sea-surface temperature (SST) data for
the period 1970-1992, obtained from in situ and satellite observations. A
high correlation found between AAM anomalies, on the one hand, and
thermal wind variations derived from the meridional SST gradient, on the
other, demonstrates that the observed propagation pattern results from a
coupled ocean-atmosphere response to ENSO.

Interannual variations in AAM, afundamental measure of the global atmospheric
circulation, are strongly linked to the dynamics of ENSO3-7, Fig. 1 compares atime series
of the length-of-day (LOD), an inverse measure of the Earth’s rotation rate which serves as

aproxy for global AAMS, with the Modified Southern Oscillation Index (MSOI), an



indicator of ENSO activity computed as the difference in sea-level pressure between
Darwin and Tahiti, A close relationship between interannual fluctuations in these two
quantities is evident, and is statistically significant back to 19307.

Determinations of atmospheric angular momentum, computed from zonal wind data
integrated from the surface up to 100 mb, are available from the National Meteorol ogical
Center (NMC) beginning in19769. In our earlier study!, the clearest propagation pattern
emerged by applying a simple one-year minus five-year running mean to the AAM in each
latitude belt, which serves as a broad-band interannual filter (having half-power points at 1
1/2 and 8 years) that efficiently removes the annual cycle as well as “decadal” variations
from the data. A clear pattern of poleward propagation is evident in the updated Hovmaller
diagram (Fig. 2a), with interannual anomalies originating at the equator and propagating to
extratropical latitudes in both hemispheres. These results may be verified by using a
recursive filter! 0 with the same half-power points; a similar pattern is obtained, with less
data lost to “window” effects at the beginning and end of the record (Fig. 2b). Westerly
anomalies, in particular, are seen to reach their maximum intensity in the sub-tropics,
where they are clearly visible during the mature phases of the 1976-77, 1982-83, 1986-87,
and 1991-93 ENSO events.

The ENSO phenomenon is bimodal! 1-13, with variations falling naturally into a
low-frequency (LF) band (- 3-7 years) and a quasi-biennial (QB) band (- 2-3 years).
Variationsin the LF band, obtained by applying a 32-88 month!2 recursive filter to the
AAM data, contain most of the propagating signal (Fig. 2c); the QB band, by contrast, is
associated with standing waves in the tropics (visible during the mid- 1980s in Figs. 2ab --
see also Fig. 2c of Dickey et al.1). The robustness of the LF propagation is further
confirmed by examining a*“consensus’ hindcast for the decade 1979-1988, formed by
averaging the results of 13 GCM simulations carried out as part of the Atmaospheric Model
Intercomparison Project!4; the corresponding Hovméller diagram (Fig. 2d) shows a clear

pattern of poleward propagation associated with the 1982-83 and 1986-87 ENSOs.



Poleward propagation of AAM in association with ENSO has also been noted by Salstein et
al.15 in a multi-decade rawinsonde-based data set compiled by Oort19.

What is the origin of these long-lived, globally coherent circulation anomalies?
Especialy in view of their connection with ENSO, the most likely mechanism involves the
large-scale sea-surface temperature (SST) variations which characterize that phenomenon,
In order to investigate this hypothesis, monthly SST data were obtained on a2° x 2° grid
for the period January 1970-December 1992 from the Climate Analysis Center2. For
January 1970-December 1981 the data were derived exclusively from in situ measurements
with coverage from 60" N to 40°S, while for January 1982-December 1992 satellite data
were included to form a blended analysis with global coverage, For. comparison with the
AAM data, the monthly SST values were zonally averaged and binned into 46 equal-area
latitude belts, Monthly values of the thermal wind, a measure of the vertical wind shear
required to maintain geostrophic and hydrostatic balance in the presence of a meridiona
temperature gradient!?, were also computed from the zonally-averaged SST data,

Although the strongest El Nifio warming occurs in the eastern tropical Pacific!$, the
ENSO cycle aso has a clear signature in the record of zonally-averaged equatorial SST
(Fig. 3a). Poleward propagation of zonally-averaged SST filtered in the LF band (Fig. 3b)
is evident for the two ENSO events having the largest equatorial anomalies (1972-73 and
1986-87), while the very strong!? 1982-83 event, for which the zonal-mean SST anomaly
in the LF band was actually smaller, showed robust propagation in the SH with a weaker
signature in the NH. By contrast the 1976-77 ENSO exhibits only a weak maximum in
zonally-averaged SST at the equator, and is characterized by a disorganized propagation
pattern. The 1976-77 event was somewhat anomalous, with ENSO-like signals in some
indices and none in others (see Enfield?0 and references therein); note in particular the
double peak in LOD surrounding this event (Fig. 1). The thermal wind field also shows a
clear pattern of poleward propagation in the LF band with the exception of the 1976-77




event (Fig. 3c); in particular, the initia stages of the 1991-93 ENSO are visible, athough a
longer time series is needed to traceits full development.

Meridional propagation of geophysica quantities maybe conveniently summarized
by means of latitude-lag correlation diagrams?!. Figs. 4a-b plot the correlation between
latitudes 60" N and 40°S of LF-filtered variationsin AAM and SST, respectively, with the
average of the corresponding variable in the two latitude belts straddling the equator. Both
plots show a clear tendency for propagation of zonally-averaged anomalies from the
equator to theextratropics. The SST propagation pattern is more robust in the tropics, with
the strongest negative correlations distributed symmetrically in time (at alag/lead of 2
years) aong the equator. By contrast the AAM pattern shows the largest negative
correlation in the sub-tropics a alead of 6-12 months, indicating that the strong AAM
variations occurring in this region may help to set the stage for the onset of the opposite
phase of ENSO at the equator.

Cross-correlation diagrams (Figs, 4c-d) summarize the relationship between
zonally-averaged anomalies in the AAM and SST data during their period of overlap (1 976-
1992), LF-filtered variations in these two quantities are in quadrature with each other at
most latitudes (Fig. 4c), with the strongest correlations found at a lag/lead of about one
year. The correlation of AAM with the SST-derived thermal wind forcing (Fig. 4d),
however, shows a strong, nearly simultaneous relationship in the LF band at most latitudes
except near the equator (where the thermal wind relationship is not valid), confirming that
the global propagation of interannual AAM anomaliesis dynamically linked to similar
variations in the underlying SST field.

The meridional propagation of SST anomalies may, in turn, be related to heat
transport within the oceans themselves. Wyrtki?2, for example, showed that the export of
warm water from the tropics plays a key role in the dynamics of the ENSO cycle, while
Miller and Cheney?3 used Geosat data to document the transport of warm water across

latitude 80N during the 1986-87 El Niiio, and Chao and Philandered found large




interannual variations in heat transport across 60N in an oceanic generd circulation model
forced with observed monthly winds for the period 1967 to 1979. More recently, White2’
has documented the poleward propagation of slow ENSO waves in upper layer heat content
to high latitudes along the eastern boundaries of the North Pecific, North Atlantic, and
South Indian oceans.

The occurrence of interannual fluctuations in oceanic heat transport, linked to
poleward-propagating AAM variations through the meridional SST gradient, may also
reflect the presence of coupled modes in the ocean-atmosphere system. The fastest-
growing mode in the years-decades oscillation range of azonally-symmetric, global ocean-
atmosphere model due to Mehta?6, for example, is characterized by strong SST anomalies
near the equator, which subsequently propagate to higher latitudes. Since the zonally-
averaged equatorial SST shows pronounced variability associated with El Nifio (Fig. 3a),
the (asymmetrically-forced) ENSO cycle has a strong projection on this mode, whose
growth in the real ocean-atmosphere system maybe limited by the lack of zonal symmetry.
Our results suggest that a similar coupled mode, arising as a forced response to the zonally-
symmetric component of ENSO heating at the equator, maybe responsible for the global-

scale propagation of atmospheric and oceanic anomalies summarized in this report.
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Figure Legends

FIG. 1 Interannual variations in length-of-day (LOD) and the Modified Southern

Oscillation Index MSOD), computed as the difference penyyeen one-year and five-year

running averages (an arbitrary vertical offset is used for clarity). Warm ENSO events

occur when the MSOI, defined as the surface pressure difference between Darwin and

Tahiti, becomes anomaloudly high, These events are also marked by positive interannual

fluctuationsin LOD, which indicate a slowing of the Earth’s rotation and therefore (since
the atmosphere and Earth form a closed dynamical system) an increase in the axial angular

momentum of the atmosphere.

FIG, 2 Hovméller (time-latitude) diagrams of atmospheric angular momentum, computed

from zonally-averaged zonal winds integrated from the surface to the 100 mb level, in 46

equal-area | atitude belts® numbered from north to south. a, Interannual variation obtained

from the difference between one-year and five-year moving averages in each latitude belt
(thefirst and last 2 1/2 years of data are truncated); b, obtained by applying a recursive

filter with half-power points at 18 and 96 months to the data in each latitude belt; c, the

low-frequency (LF) component obtained by applying a 32-88 month recursive filter in each

latitude belt; d, obtained by applying an LF filter to a“consensus’ hindcast for the decade

1979-1988, formed by averaging the results of 13 GCM simulations carried out as part of
the Atmospheric Model Intercomparison Project.

FIG. 3 a, Average of zonal-mean Sea-surface temperature (SST) in the two latitude belts

straddling the equator (blue curve); atrend and mean seasonal cycle have been removed

from the data. The LF component, obtained by recursive filtering in the 32-88 month band,

is also shown (red curve). b, Hovmaller (time-latitude) plot of zonally-averaged SST data,

filtered in the LF band in each of 46 equal-area latitude belts; before 1982, data coverageis

limited to the region 600N-400S (see text). ¢, Hovmaller plot of LF-filtered thermal wind

data, derived from the meridional SST gradient (the absolute value of the Coriolis




parameter was bounded from below by its value at 20° |atitude to avoid excessive values of
the computed thermal wind in the tropics).

FIG. 4a, Correlation coefficient betweenLF-filtered AAM variations in latitude belts from
4 to 38 (60°N-40°8) with the average of the LF-filtered AAM in the two latitude belts
straddling the equator, using data from the period 1976-1992. The standard deviation of
the correlation coefficient was computed using a pooled estimate of the variance from all
latitudes. b, Asin a, for zonally-averaged SST data from the period 1970-1992, c,
Correlation coefficient between LE-filtered AAM and SST variations in latitude belts from 4
to 38, for the period 1976-1992. d, asin c, for the correlation between AAM and thermal

wind variations derived from the meridional SST gradient.
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